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Abstract
Corbicula fluminea is an aggressive invasive species of bivalve that arrived into the Rı´o de
la Plata River between the late 60’s and early 70’s, and dispersed widely throughout the
Neotropical region, evidencing a great adaptive flexibility to different environmental condi-
tions. This species is a functional hermaphrodite with larval incubation inside the inner demi-
branch. Despite its widespread distribution, there are no previous studies of complete
gonadal histology and reproductive cycle for this species in the Neotropical region. In this
study, the reproductive dynamics of C. fluminea in a temperate region, the Santa Catalina
Pampean stream, Argentina, is described. Samples of 20–30 individuals were collected
monthly from April 2003-April 2005 and processed using traditional histological techniques.
During the two years of this study, seven spawning events were recognized. Three major
spawns occurred in spring and summer, and other four minor ones during summer and
autumn. Events of oocyte recovery were observed after spawning. A high number of incu-
bating individuals was detected. The results stressed the difficulty of identifying a particular
pattern of gamete release and of spawning behaviour in this invasive species, especially
when inhabiting an unstable environment.
Introduction
Ecosystems are increasingly being modified by ongoing human-mediated transoceanic biotic
exchange [1] as a consequence of global trade, agriculture, aquaculture, recreational activities
and transportation. The Asiatic clam Corbicula fluminea (Mu¨ller, 1774), is an invasive species
that has colonized aquatic ecosystems worldwide [2], in some cases with great ecological and
economic impact, acting as an ecosystem engineer [3]. This species native to South-eastern
China, Korea and South-eastern Russia [4] has dispersed to the Americas, Africa and Europe
[5], encompassing a great diversity of freshwater ecosystems [6]. The Asiatic clam entered into
the Neotropical Region through the Rı´o de la Plata River between the late 60’s and early 70’s
[7], possibly by the release of living specimens brought as food on-board in vessels [8]; or by
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the ballast water of transoceanic ships [9]. Thereafter, this species could have been dispersed
from the Rı´o de la Plata River to other aquatic ecosystems by vectors such as fishing baits [9]
or accidentally imported in sand batches for artificial beaches [10]. Since then, C. fluminea has
been spread widely and invaded the main hydrological basins of this region. In 1988, it was
registered for the first time in the Brazilian Amazon Basin (01˚54’S–54˚39’W) [11], and is cur-
rently distributed from the Colorado River (39˚01´S-64˚01´W) in the northern limit of the
Argentinian Patagonia [12] to Venezuela (10˚10´S– 63˚30´W) [13].
In the Neotropical Region, Corbicula fluminea is sympatric with other three non-native spe-
cies of Corbicula: C. largillierti (Philippi, 1844), C. fluminalis (Mu¨ller, 1774), and Corbicula sp.
[14]. In some cases, C. fluminea displaces its congeneric species [9] and frequently becomes
dominant within an invaded habitat, acting as an ecosystem engineer [2] and causing physical
alterations to these ecosystems [15]. The effect of these modifications on the structure of the
benthic macroinvertebrate communities is evident, changing their taxonomic composition
and generally having a negative impact over the most common taxa [15]. In addition, when
the habitat provides important services such as water supply for drinking, irrigation, or refrig-
eration in power plants, etc., the invasion by C. fluminea generates a negative economic impact
[14].
The broad dispersion of Corbicula fluminea evidences a great adaptive capacity, for
instance, being able to develop in both cold and hot climates. Crespo et al. [16] describe C. flu-
minea as a freshwater species, which is able to colonize upper estuarine waters with different
conditions of salinity and temperature. Undoubtedly, this great invasive potential is also
related to its wide spectrum of reproductive strategies. Invasive species display a successful
reproductive strategy that allows them to invade new habitats and spread rapidly. Rapid matu-
rity at a small size together with other characteristics of the reproductive cycle of C. fluminea,
are aspects that intend to maximize its reproductive effort. Genetic variability generated by
triploidy, hybrid condition, clonal reproduction and the presence of unusual ameiotic breed-
ing systems in Corbicula, are mechanisms that also contribute to its success [17].
Previous studies of Corbicula fluminea demonstrated that the reproductive tissue fractions
(developing or ripe gametes) do not evidence clear cycles [18]. Instead, this species might be
capable of responding rapidly throughout the year to suitable environmental conditions by
spawning.
The knowledge on the reproductive dynamics of an invasive species is considered a key tool
for planning and implementing control strategies [19]. In spite of this, studies that focus on
the gonadal cycle of Corbicula fluminea are scarce worldwide. Ituarte [20] first studied this sub-
ject for Corbicula (C. largillierti) in South America. More recently, Mansur et al. [21] summa-
rized the available information on the reproduction of C. fluminea, showing controversial
results obtained by different authors. This species is generally regarded as hermaphrodite and
capable of self-fertilization [22]. However, in Asia low number of dioecious individuals has
been reported being related with environmental factors [23]. Kraemer et al. [24] described C.
fluminea as a simultaneous hermaphrodite. Despite this species is commonly regarded as an
androgenic [25, 26], Park & Chung [27] registered a case of parthenogenesis without self-
fertilization.
As previously referred, gonadal development is well known for other species of Corbicula,
such as C. largillierti [20], C. fluminalis and C. australis [17], C. japonica [28,29], and C. leana
[27,30]. However, detailed studies on the gonadal histology and reproductive cycle of C. flumi-
nea in the Neotropical region have not yet been performed. Since C. fluminea is an aggressive
invasive species that can withstand different climates and environmental conditions, reaching
high population densities, the aim of the present study was to describe the reproductive
dynamics of Corbicula fluminea, establishing its histological gonadal cycle and spawning
Corbicula fluminea gonadal cycle
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periods in a population from a Pampean stream (temperate Neotropical Region) and to com-
pare its results with those of previous studies.
Materials and methods
The study was carried out in Santa Catalina stream, Buenos Aires Province, Argentina (36˚
53’04.5”S-59˚55’25.22”W). Samples were collected monthly from April 2003-April 2005,
excluding November 2004. In the field, physical and chemical parameters such as water tem-
perature, dissolved oxygen, conductivity, salinity and TDS were measured. Hydrological
parameters such as total rain fall and stream mean flow rate were provided by the Instituto de
Hidrologı´a de Llanuras de Azul (IHLLA). The sampling area was delimited by a cylindrical
sampler of 0.07 m2 area, which was pushed by hand into the sediment up to a depth of 10 cm.
The sediment was sieved in situ through a mesh (1 mm of pore diameter), and all specimens
collected. Sampled specimens of C. fluminea were returned to the laboratory where they were
fixed with Zenker’s solution [31]. The maximum length (size) of each individual was measured
with a dial caliper as the greatest linear distance between the anterior and posterior shell
margins.
For histological analysis, samples consisted in 20–30 individuals of all sizes found in each
month (a total of 692 individuals, 6–30 mm long). The Authority that provide the permission
to collect for research is the Direccio´n de Fauna y Flora, Buenos Aires Province, Argentina.
Because Corbicula fluminea is an invasive species, there is no restriction on its capture. The
field studies did not involve endangered or protected species.
Individuals <6 mm long were excluded from the analysis due to the impossibility of identi-
fying them at species level. After fixation, they were dehydrated and imbedded in Paraplast1.
Thereafter, they were cut in 10 μm thickness sections, stained with Mayer’s hematoxylin and
eosin and then observed under the microscope. The stages of gonadal development were estab-
lished following the description for C. japonica by Rybalkina et al. [29], with introduced modi-
fications in postmature oogenetic stages (Table 1).
Oocyte maximum length was measured in 145 individuals with an optic microscope under
400X magnification. Only those oocytes showing conspicuous nucleoli were considered.
Finally, incubated larval periods were determined in the histological sections by the presence
of developmental stages and juveniles in the inner demibranch brood chambers [17].
The information on which this work is based comes from the analysis of 1,372 microscopic
preparations, deposited in the Coleccio´n Malacolo´gica del Museo de La Plata (FCNy-
M-UNLP), Argentina MLP-MA 14477.
Results
The physical, chemical and hydrological parameters of the stream during the study period are
shown in Table 2. Water temperature exhibited seasonal variations: the maximum value was
Table 1. Concordance between the stages of gonadal development used in the present study and those described for C. japonica.
Rybalkina et al. [29] Present study
Oogenic and Spermatogenic stages Oogenic stage Spermatogenic stage
Early gametogenesis Immature Immature
Active gametogenesis Premature Premature
Pre-spawning Mature Mature
Spawning Spawning Spawning
Spawned
https://doi.org/10.1371/journal.pone.0186850.t001
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registered in March 2004 (23.4˚C) and the minimum in May 2003 (8.2˚C). Mean flow rate
range was 0.042 m3/sec (March 2004) -1.026 m3/sec (December 2003). The lowest values were
recorded from January 2004 to June 2004. The lowest values of total rain fall occurred in May
2004 (7.1 mm) and August 2004 (11.8 mm), whereas the highest values occurred in April 2003
(157 mm), November 2003 (169.6 mm) and April 2004 (134.8 mm). The conductivity values
varied between 401 and 721 μS during the sampled period.
The collected individuals ranged from 6–30 mm long, with a mean length of 17.6 mm
(Table 3). The percentage of hermaphrodites (with oogenic, spermatogenic and mixed folli-
cles) varied from 60% to 100% of examined specimens in all samples, while most of the
remaining individuals were females (only oogenic follicles), as shown in Fig 1. The presence of
males (exclusively with spermatogenic follicles) was only registered in October 2004 and Janu-
ary 2005 (2.7% and 4%, respectively). In hermaphroditic specimens, the proportion of oogenic
and mixed follicles was usually higher than that observed for spermatogenic follicles, except
for a few individuals >16 mm long, in which spermatogenic follicles reached the same or
higher proportion than oogenic follicles. It was evidenced that the first size of specimens with
oogenic follicles differentiated was smaller (8 mm) than the first size of specimens with sper-
matogenic follicles (9 mm). There was also a difference in the mean size at first maturity, being
smaller for oogenic (11.8 mm) than spermatogenic (14.6 mm) follicles.
In accordance with the stages of gonadal development followed in this study, the analysis of
the oogenic follicles allowed us to recognize two postmature stages instead of one (Table 1).
Hence, during the spawning stage, the follicles were partially empty and there were several
Table 2. Physical, chemical and hydrological parameters in Santa Catalina stream during the sample period. The lack of data is due to technical
problems.
Sample Water temperature (˚C) Mean flow rate (m3/sec) Total rain fall (mm) TDS (mg/l) O2 (mg/l) pH Salinity (‰)
Apr-03 13.8 - 157.0 285 9.26 7.74 1.0
May-03 8.2 - 64.8 307 11.86 7.69 0.0–1.0
Jun-03 11.0 0.378 12.7 - - - 1.5
Jul-03 10.2 0.349 91.7 315 13.39 8.08 1.0
Aug-03 10.5 0.765 30.3 364 6.7 7.91 1.05
Sep-03 14.3 0.508 56.2 277 8.8 7.91 2.0
Oct-03 14.0 0.691 68.3 197 5.4 7.66
Nov-03 16.9 0.295 169.6 - 5.7 7.90 0.0
Dec-03 20.3 1.026 98.4 - - - -
Jan-04 - 0.144 79.8 - - - -
Feb-04 18.6 0.067 12.5 283 3.4 7.40 3.0
Mar-04 23.4 0.042 36.5 274 6.2 7.65 2.5
Apr-04 11.8 0.126 134.8 265 7.5 7.55 3.0
May-04 9.6 0.106 7.1 297 10.2 7.43 2.0
Jun-04 15.2 0.135 36.2 280 8.4 8.60 2.0
Jul-04 9.0 0.478 76.7 264 9.9 8.17 2.0–3.0
Aug-04 13.1 0.698 11.8 - 9.9 7.62 2.0
Sep-04 13.8 0.218 16.7 - 12.9 7.77 2.0
Oct-04 19.7 - - 312 8.3 7.69 3.0
Dec-04 22.6 - - 271 7.2 7.52 1.5
Jan-05 20.6 - - 232 8.1 - 2.5–3.0
Feb-05 23.3 - - 215 5.1 7.69 1.5
Mar-05 18.1 - - 310 6.2 8.60 2.0
Apr-05 - - - - - - -
https://doi.org/10.1371/journal.pone.0186850.t002
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mature oocytes in the lumen, some of them elongated due to the spawning process, while dur-
ing the spawned stage the follicles were almost empty with a few free mature oocytes in the
lumen (Fig 2). According to our results, the minimum mature oocyte size from 141 oocytes
was 100 μm.
A low proportion of follicular ganglia was observed (0–24%) more commonly associated
with spermatogenic follicles. The minimum size of individuals that presented these ganglia
was 12 mm, although most of them were>16 mm. In all cases, follicular ganglia were found in
spawning or spawned specimens.
The gonadal development of Corbicula fluminea is shown in Fig 3. Neither oogenic nor
spermatogenic follicles showed a period of clear inactivity, due to the presence of growing
cells, even during spawning events. In the population analyzed, the gonadal development did
not appear to present a clear cycle. Immature females were less than 9%. Premature oogenic
follicles predominated in March 2004 (93.5%) and April 2005 (70.6%); while mature follicles
showed two peaks, in June 2004 (75%) and August 2004 (47.6%). Oocyte major spawning
peaks were in May 2003 (73.3%), September 2003 (86.7%), January-February 2004 (92.6% and
77.3%), October 2004 (89.2%) and February-March 2005 (90.0 and 93.1%, respectively).
Table 3. Size and sex data of Corbicula fluminea from each sample.
Sample N Size (mm) % F % M %H First size OF
(mm)
First size SF
(mm)
First size mature
oocytes
First size mature
sperm
% with
FGMax Min Mean
Apr-03 26 23 6 14.5 40.0 0 60.0 8 9 15 16 0
May-03 30 24 11 17.5 23.3 0 76.7 11 11 11 14 10.0
Jun-03 32 25 8 16.5 6.2 0 93.7 8 8 11 12 12.5
Jul-03 23 21 8 14.5 0 0 100 8 8 11 14 0
Aug-03 29 22 8 15.0 3.4 0 96.5 8 8 9 9 0
Sep-03 30 21 8 14.5 0 0 100 8 8 8 14 0
Oct-03 30 22 10 16.0 0 0 100 11 12 11 12 3.3
Nov-03 31 23 10 16.5 16.1 0 83.9 10 11 10 12 12.9
Dec-03 25 25 10 17.5 8.0 0 92.0 10 13 10 13 24.0
Jan-04 28 25 14 19.5 3.1 0 96.9 14 14 14 16 0
Feb-04 27 26 11 18.5 28.0 0 72.0 11 12 11 15 6.7
Mar-04 31 24 11 17.5 38.7 0 61.3 11 13 19 19 0
Apr-04 24 27 8 17.5 20.8 0 79.2 8 13 15 16 20.8
May-04 31 25 11 18.0 10.0 0 90.0 11 14 15 17 0
Jun-04 28 27 10 18.5 3.7 0 96.3 10 10 10 22 0
Jul-04 34 21 11 16.0 25.0 0 75.0 11 14 11 -* 2.8
Aug-04 21 27 11 19.0 8.7 0 91.3 11 11 11 16 0
Sep-04 36 28 8 18.0 0 0 100 8 8 13 15 0
Oct-04 47 30 8 19.0 6.8 2.3 90.9 13 13 13 15 4.3
Dec-04 35 21 12 16.5 0 0 100 12 12 12 12 5.7
Jan-05 25 21 8 14.5 8.0 4.0 88.0 8 8 12 18 0
Feb-05 30 25 9 17.5 13.8 0 86.2 9 12 12 14 13.3
Mar-05 30 26 9 17.5 10.0 0 90.0 9 9 9 9 0
Apr-05 35 23 10 16.5 24.3 0 75.7 10 10 12 15 5.4
Mean - - - 17.6 10.7 0.3 88.9 - - 11.9 14.6 -
*No mature sperm was observed.
N = number of individuals collected; F = female; M = male; H = hermaphrodite; OF = Oogenic Follicles; SF = Spermatogenic Follicles; FG = Follicular
Ganglia.
https://doi.org/10.1371/journal.pone.0186850.t003
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Spawned oogenic follicles were more abundant in December 2003 and 2004 (82.6% and
85.7%, respectively) than in the other sampling dates. Spermatogenic follicles showed imma-
ture peaks in July 2003 (61.9%), March 2004 (63.16%) and July 2004 (100%). Mature spermato-
genic follicles were <30% with peaks in December 2003 and 2004; while spawning peaks
occurred in April 2003 (81.2%), October 2003 (92.3%), December 2003 (90.9%) and February-
March 2005 (95.8% and 85.1%). In February-March 2005, a synchrony between male and
female spawns was observed.
The analysis of the oocyte size of Corbicula fluminea (Figs 4 and 5) evidenced seven spawn-
ing events during the study period. Three major spawns (more than 20% of mature oocyte
loss) were registered during September-October 2003, February-March 2004 and September-
December 2004. Four minor spawns (less than 20% of mature oocyte loss) occurred during
May-June 2003, December 2003-January 2004, June-July 2004 and March-April 2005. Major
gonadal recovering events occurred in April 2003, November 2003, January 2004, April 2004
Fig 1. Hermaphroditism in Corbicula fluminea. General aspect of the visceral mass showing an oogenic follicle (a), a spermatogenic follicle (b), a mixed
follicle (c) and larvae in the inner demibranch (d). Scale bar 200 μm.
https://doi.org/10.1371/journal.pone.0186850.g001
Corbicula fluminea gonadal cycle
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and February and March 2005. During these periods, the percentage of growing oocytes was
18–26.4% (Fig 4).
Individuals with incubated larval stages were observed in October and November 2003, Feb-
ruary, September and December 2004, and February and March 2005, after spawning events,
which is consistent with the results analyzed from gonadal development. Developing larvae are
incubated in the inner demibranch brood chambers. The highest percentages of individuals
Fig 2. Different stages of gonadal development. Inmature (a), premature (b), mature (c), spawning (d) and
spawned (e) oogenic follicles; mixed follicle with inmature spermatogonic stage (f); premature (g), mature (h),
and spawning (i) spermatogenic follicles. Scale bars 100 μm.
https://doi.org/10.1371/journal.pone.0186850.g002
Corbicula fluminea gonadal cycle
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incubating larvae were observed in October 2003 (82.1%) and December 2004 (94.3%) when
two major spawns occurred, and in February 2004 (60.0%) (Fig 5). No larval incubation was
observed during the spawns of May-June 2003, February-March 2004 and June-July 2004. The
temperature measured after these spawning events was always below 15˚C (Fig 5).
Fig 3. Percentage of individuals at each gonadal stage during the sampled period.
https://doi.org/10.1371/journal.pone.0186850.g003
Corbicula fluminea gonadal cycle
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Discussion
The lotic system studied in the present work underwent water flow and water level variations
during the sampling period (Table 2). Rain fall is the main factor that determines water level
and water flow rate in this aquatic system. Rain fall values varied between 169.6 mm/month
(November 2003) and 7.1 mm/month (May 2004). Water flow also changed in the same
period.
Despite the fact that Corbicula fluminea can reach high abundances under local conditions,
environmental factors can have major impacts on its population densities and distributions.
McMahon [32] indicates that, contrary to what can be expected for an invasive species, C.
Fig 4. Oocyte size frequencies. N = total number of specimens examined; n = total number of oocytes examined; M = mean oocyte size (μm);
SD = standard deviation.
https://doi.org/10.1371/journal.pone.0186850.g004
Corbicula fluminea gonadal cycle
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fluminea has a relatively low physiological tolerance to changes in abiotic factors, such as
temperature, salinity, air exposure, pH, calcium and dissolved oxygen concentrations. The
Unionoidea from North America show more physiological resistance than C. fluminea [32].
Additionally, Modesto et al. [33] predicted that environments that present high temperature
values combined with low salinity and low water flow (with low charge of sediment) can sup-
port higher densities of C. fluminea.
While it is well known that Corbicula fluminea shows great ability as a freshwater
invader, its invasive fitness decreases in brackish waters, even when salinity values are low
[34]. According to this, studies established a salinity value of 5 ‰ as top limit of tolerance
[22]. Salinity values in Santa Catalina stream did not go over 3 ‰, so this is not a limiting
factor for the development of C. fluminea. This species is also intolerant to moderate hyp-
oxia conditions, being restricted to well oxygenated areas [35] with optimal values between
10.50 mg L-1 and 8.30 mg L-1 [36]. In Santa Catalina stream, the mean value of dissolved
oxygen was 8.50 mg L-1, but it fluctuated reaching lower levels in summer. In addition, the
thermal preference of C. fluminea ranges from 2˚C to 37˚C, and temperatures lower to 2˚C
cause death of individuals and filtration levels are inhibited below 30˚C [22]. In the present
study, the lowest temperature registered was 8.2˚C while the highest was 23.3˚C. C. fluminea
is not well adapted to air exposure conditions, although it is reported to survive means of
26.8 days and 13.9 days in near 100% humidity at 20˚C and 30˚C, respectively, declining to
respective means of 8.3 days and 6.7 days at near 0% humidity [37]. Water level reduction
and solar light exposition in a Neotropical aquatic system can disturb the structure in popu-
lations of C. fluminea [38]. Thus, Modesto et al. [33] observed a reduction in the density of
C. fluminea during a drought in Mondego Estuary (Portugal).
The reproductive cycle in bivalves generally involves sexual reproduction, with dioecious or
hermaphrodite specimens, external fertilization and a veliger larval stage [39]. However, many
groups of bivalves like the species of Corbicula show exceptions to this general reproductive
Fig 5. Temporal variation of oocytes of C. fluminea. Grey bars: oocytes >100 μm; full bars: oocytes
<50 μm; dotted grey line: water temperature (right axis); N = total number of specimens considered; n = total
number of oocytes considered; arrow: spawning events; star: gill incubation observed and percentages of
individuals with larvae.
https://doi.org/10.1371/journal.pone.0186850.g005
Corbicula fluminea gonadal cycle
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behavior (Table 4). Some of them also exhibited parthenogenesis, in which oocytes are acti-
vated without fertilization [45], as in case of Corbicula fluminea [27].
The production of free-living larvae is rare in freshwater environments, and occurs in a few
bivalve species, such as the invasive Dreissena polymorpha and Limnoperna fortunei [46]. The
physiological mechanisms that allow larvae during the early stages of development to face the
intense osmotic stress imposed by freshwater environments still needs to be elucidated [39].
Larvae of C. fluminea that inhabits the Neotropical region avoid the osmotic stress because fer-
tilization occurs inside the paleal cavity and larvae are incubated inside gill water tubes (or
brood chambers). According to Morton [40] and Aldridge and McMahon [41], larvae of C. flu-
minea go through trocophore, veliger and pediveliger stages, being released as a D-shaped
form with straight hinged shells. In temperate climates, immature individuals are released
from gill chambers being almost juvenile, while in subtropical climates, the release occurs at a
pediveliger stage [47].
The knowledge on the gonadal development in an invasive bivalve species can be used as a
tool for generating control strategies, and consequently applying programs that aim at avoid-
ing their dispersion in natural [48] and artificial [49] ecosystems. Nevertheless, considering
that Corbicula fluminea is an aggressive invader, studies on its reproductive biology in the Neo-
tropical region are scarce [50].
Hermaphroditism is usually more frequent in freshwater than in marine bivalves [27]. Spe-
cies of Corbicula present different reproductive strategies according to the type of environment
they inhabit. In freshwater, they can be hermaphrodite with larval incubation inside gill cham-
bers, while they are usually dioecious, oviparous and non-brooding in estuaries [4,27]. Among
freshwater environments, hermaphroditism is more frequent in lentic than in lotic systems
[34]. Although Corbicula fluminea is indeed a hermaphrodite species, the nature of this her-
maphroditic condition is controversial. Several studies described it as a functional [27, 51–53]
or protandric hermaphrodite [40]. Morton [23] also described variable reproductive strategies,
i.e. capable of being dioecious or hermaphrodite according to environmental conditions. The
reproductive tissues observed in individuals from Santa Catalina stream consisted in oogenic,
spermatogenic and mixed follicles within the visceral mass, as in the case of the individuals
from the United States described by Park and Chung [27]. The proportion of hermaphrodite
specimens was remarkably high in all of the samples analyzed. These observations are in agree-
ment with the results obtained by Berry [54] in Malaysia and by Massoli and Callil [55] in
Table 4. Summary of the main biological characteristics of Corbicula species. F = female; M = male.
Adapted from [35] C. fluminea
(= C. manilensis)
C. largillierti
(Philippi, 1844)
C. leana
Prime, 1867
C. japonica
Prime, 1864
C. australis
Deshayes, 1830
C. fluminea
Longevity (years) 1 to 4 2.5 to 4 2
Length at maturity (mm) 6 to 10 10 to 11 11.9 (F); 14.6 (M)
Hermaphroditism X
(self-fertilizing)
X X X X
(self-fertilizing)
X
Position of broods Inner demibranchs (I.D.) (I.D.) (I.D.) (I.D.) (I.D.)
Fertilization internal Internal internal internal internal and external internal
Fecundity 400–735
(veligers/clam/day)
11,000
(veligers/clam)
Juvenile size at release (μm) 200–250 225–240 230–240
Number of annual reproductive events 2–3 2 variable (2–3)
Freshwater X X X X X
Brackish water X
References [27,32,35,40–44] [20,42] [28] [17] [27,30] this study
https://doi.org/10.1371/journal.pone.0186850.t004
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Brazil. Our results showed a type of hermaphroditism in C. fluminea, in which oocytes
appeared and maturated before the sperm, and oogenic follicles were the most abundant, as
described by Park and Chung [27]. Previous studies in other species of Corbicula indicated
that oogenic follicles are usually more abundant than the spermatogenic ones [20, 27, 52, 55],
being particularly common in individuals that were<20 mm in shell length. These observa-
tions are in agreement with the results of the present study, in which the proportion of sper-
matogenic follicles increases in individuals16 mm in shell length.
The size of mature oocytes differed between species. In our study, the mature oocyte mean
size for C. fluminea was 102 μm, while according to Park & Chung [27] it ranged between 150
and 170 μm. For other species of Corbicula, mean mature oocyte size was reported as 110–
130 μm in C. leana and 70 μmin C. japonica [29].
The number of reproductive events, which means release and fertilization of reproductive
cells, is variable in Corbicula species in general and particularly in Corbicula fluminea. Several
authors described two annual reproductive events that took place in spring and summer
[40,41,53,56–60], while others reported the presence of a single [43,44,61–63] or of three
reproductive events [64]. These differences could be related to divergences in methodological
approaches (gonadal cycle studies or presence of larvae). Other potential reasons for reported
variation in the reproductive cycle of C. fluminea could be influences of water temperature
[20,28,29,65], phytoplankton abundance [44,64,66], or even variations of metallothionein con-
centrations between individuals [67]. In the present study, a combination of gonadal spawns
and incubating larval periods showed three annual spawning events with presence of incu-
bated larval stages and another three spawns not followed by larval incubation. Despite the
most important reproductive events occurred during spring, this population did not show a
pattern in the number of reproductive events, unlike reported by other authors [18,27,52,55].
This could be related to the reproductive strategies and features of the life cycle of a typically
invasive species, like rapid dispersion, and high densities [19]. In the studied population at
Santa Catalina stream, this reproductive behavior could be due to the alternating presence of
suitable and unsuitable environmental conditions through time. These conditions were most
likely affected by variations in temperature, local rain fall and mean water flow rates (Table 2)
resulting in temporal environmental instability.
In our study, C. fluminea did not exhibit periods of sexual inactivity, as already reported by
Massoli and Callil [55], although gonadal resting periods were described for other species of
Corbicula, such as C. japonica in the Kievka River, Russia [29]. Considering that both the sam-
pled environments (stream and estuary) and the studied species were different, the presence or
absence of resting periods could be due to the fact that the minimum temperatures registered
in the estuary of the Kievka River are lower (reaching up to 0˚C in January) than those in
Santa Catalina stream. As a consequence of low temperatures, the population of C. japonica
might have stopped follicular growth and incubating larval stages. Another reason can be the
reproductive plasticity exhibited by C. fluminea, which allows the continuous renewal of repro-
ductive cells [18].
Park & Chung [27] detected the presence of intrafollicular embryos in C. fluminea, which
in turn confirmed the potentiality of self-fertilization described by Kraemer [52]. In this study,
no intrafollicular embryos were found, although the spawning synchrony between sperms and
oocytes observed in February-March 2005 might allow the occurrence of this phenomenon.
Kraemer [52] reported for the first time the presence of follicular ganglia in Corbicula flumi-
nea. Posteriorly, Ituarte [20] detected the presence of this ganglia specially associated with
spermatogenic follicles, in specimens of C. largillierti from the Rio de la Plata River. More
recently, Park & Chung [27] found them in C. fluminea always associated with mature sper-
matogenic portions of the reproductive tissue. In this study, although their presence was more
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common in spermatogenic follicles, they were also found in hermaphroditic and oogenic
follicles.
In the present study, larval incubation was only observed in the inner demibranchs of Cor-
bicula fluminea, in contrast with the results of Park & Chung [27] and Martins et al. [68], who
additionally found a few cases of larval incubation in the outer demibranchs. The condition of
incubated larval stages in the outer demibranchs was also reported in specimens of C. possoen-
sis from Lake Poso, Indonesia [69], despite the modifications in the inner demibranch struc-
ture observed during incubation.
In summary, Corbicula fluminea is a functional hermaphrodite with larval incubation inside
gill chambers. Larval incubation took place when water temperature was higher than 15˚C.
The first size of specimens with differentiated oogenic follicles was smaller (8 mm) than the
first size of specimens with spermatogenic follicles (9 mm). Also, the mean size of first matu-
rity was variable between follicle types, being smaller for oogenic follicles than for spermato-
genic follicles.
Corbicula fluminea demonstrated a great reproductive plasticity, which is common to most
invasive species. This species appears to be able to rapidly respond to appropriate environmen-
tal conditions for gamete spawning, having multiple events of spawn throughout the year, par-
ticularly in unstable habitats like Santa Catalina stream. This was clearly evidenced by the
difficulty in establishing patterns of gamete release as well as of gonadal recovery.
Acknowledgments
This research has the invaluable technical support of Lic. Mirta Lagreca†. We thank M. Giglio
for his collaboration and Instituto de Hidrologı´a de Llanuras de Azul (IHLLA) (Comisio´n de
Investigaciones Cientı´ficas, Buenos Aires -CIC-, Universidad Nacional del Centro, Buenos
Aires -UNCPBA- and Municipalidad de Azul) for providing hydrological data.
Author Contributions
Investigation: Luciana Cao, Cristina Damborenea, Pablo E. Penchaszadeh, Gustavo
Darrigran.
References
1. Lee T, Siripattrawan S, Ituarte CF, O´Foighil D. Invasion of the clonal clams: Corbicula lineages in the
New World. American Malacological Bulletin. 2005; 20: 113–122.
2. Sousa R, Gutie´rrez JL, Aldridge DC. Non-indigenous invasive bivalves as ecosystem engineers. Biolog-
ical Invasions. 2009; 11: 2367–2385.
3. Jones CG, Lawton JH, Shachak M. Organisms as ecosystem engineers. Oikos. 1994; 69: 373–386.
4. McMahon RF. The occurrence and spread of the introduced Asiatic fresh-water clam, Corbicula flumi-
nea (Mu¨ller), in North America 1924–1982. Nautilus. 1982; 96: 134–141.
5. Rodrigues JCA, Pires-Junior OR, Coutinho MF, Martins-Silva MJ. First occurrence of the Asian Clam
Corbicula fluminae (Bivalvia: Corbiculidae) in the Paranoa´ Lake, Brası´lia, Brazil. Brazilian Journal of
Biology. 2007; 67: 789–790.
6. Ilarri M, Sousa R. Corbicula fluminea Mu¨ller (Asian Clam). In: Francis RA, editor. A handbook of global
freshwater invasive species. Publishing for a Sustainable Future, London and New York; 2011. pp.
173–183.
7. Ituarte CF. Primera noticia acerca de la introduccio´n de pelecı´podos asia´ticos en el a´rea rioplatense
(Moll. Corbiculidae). Neotropica. 1981; 27: 79–83.
8. Paschoal LRP, Andrade DP, Darrigran G. Size comparison of quadrats in sample of non-native bivalve
Corbicula fluminea (Mu¨ller, 1774) (Bivalvia: Corbiculidae). Pan-American Journal of Aquatic Sciences.
2013; 8: 369–374.
Corbicula fluminea gonadal cycle
PLOS ONE | https://doi.org/10.1371/journal.pone.0186850 October 24, 2017 13 / 16
9. Darrigran G. Potential impact of filter-feeding invaders on temperate inland freshwater environments.
Biological Invasion. 2002; 4: 145–156.
10. Belz CE, Darrigran G, Ma¨der Netto OS, Boeger WA, Ribeiro PJ Jr. Analysis of Four Dispersion Vectors
in Inland Waters: The Case of the Invading Bivalves in South America. Journal of Shellfish Research.
2012; 31: 777–784.
11. Beasley CR, Tagliaro CH, Figueiredo WB. The occurrence of the Asian clam Corbicula fluminea in the
lower Amazon Basin. Acta Amazonica. 2003; 33: 317–324.
12. Cazzaniga NJ. Asiatic clam, Corbicula fluminea, reaching Patagonia (Argentina). Journal of Freshwater
Ecology. 1997; 12: 629–630.
13. Martı´nez RE. Corbicula manilensis molusco introducido en Venezuela. Acta Cientı´fica Venezolana.
1987; 38: 384–385.
14. Santos SB, Thiengo SC, Fernandez MA, Miyahira IC, Gonc¸alves ICB, Ximenes RF, et al. Espe´cies de
moluscos lı´mnicos invasores no Brasil. In: Mansur MCD, et al. Moluscos lı´mnicos invasores no Brasil:
biologia, prevenc¸ão e controle. Redes Editora, Porto Alegre; 2012. pp. 25–49.
15. Linares MS, Callisto M, Marques JC. Invasive bivalves increase benthic communities complexity in neo-
tropical reservoirs. Ecological Indicators. 2017; 75: 279–285.
16. Crespo D, Leston S, Martinho F, Pardal MA, Dolbeth M. Survival of Corbicula fluminea (Mu¨ller, 1774) in
a natural salinity and temperature gradient: a field experiment in a temperate estuary. Hydrobiologia.
2017; 784: 337–347.
17. Byrne M, Phelps H, Church T, Adair V, Selvakumaraswamy P, Potts J. Reproduction and development
of the freshwater clam Corbicula australis in southeast Australia. Hydrobiologia. 2000; 418: 185–197.
18. Kennedy VS, Huekelem LVAN. Gametogenesis and larval production in a population of the introduced
Asiatic clam, Corbicula sp. (Bivalvia: Corbiculidae), in Maryland. Biological Bulletin. 1985; 168: 50–60.
19. Giglio ML, Mansur MCD, Damborenea C, Penchaszadeh PE, Darrigran G. Reproductive pattern of the
aggressive invader Limnoperna fortunei (Bivalvia, Mytilidae) in South America. Invertebrate Reproduc-
tion & Development. 2016; 60: 175–184.
20. Ituarte CF. Aspectos biolo´gicos de las poblaciones de Corbicula largillierti (Philippi, 1844) (Mollusca
Pelecypoda) en el Rı´o de la Plata. Revista Museo de La Plata. 1984; 13: 231–247.
21. Mansur MCD, dos Santos CP, Pereira D, Paz ICP, Zurita MLL, Rodriguez MTR, et al. Moluscos lı´mni-
cos invasores no Brasil: biologia, prevenc¸ão e controle. Redes Editora, Porto Alegre; 2012.
22. McMahon RF. Invasive Characteristics of the Freshwater Bivalve, Corbicula fluminea. In: Claudi R,
Leach JH, editors. Nonindigenous freshwater organisms: vectors, biology, and impacts. Lewis, Wash-
ington DC; 2000. pp. 315–343.
23. Morton B. Comparative life history tactics and sexual strategies of the fresh and brackish water bivalve
fauna of Hong Kong and Southern China. American Malacological Bulletin. 1987; 5: 91–99.
24. Kraemer LR, Swanson C, Galloway M, Kraemer R. Biological basis of behavior in Corbicula fluminea,
II. Functional morphology of reproduction and development and review of evidence for self-fertilization.
American Malacological Bulletin special edition. 1986; 2: 193–201.
25. Pigneur LM, Hedtke SM, Etoundi E, Van Doninck K. Androgenesis: a review through the study of the
selfish shellfish Corbicula spp. Heredity. 2012; 108: 581–591. https://doi.org/10.1038/hdy.2012.3
PMID: 22473310
26. Ishibashi R, Ookubo K, Aoki M, Utaki M, Komaru A, Kawamura K. Androgenetic Reproduction in a
Freshwater Diploid Clam Corbicula fluminea (Bivalvia: Corbiculidae). Zoological Science. 2003; 20:
727–732. https://doi.org/10.2108/zsj.20.727 PMID: 12832823
27. Park G, Chung EY. Histological studies on hermaphroditism, gametogenesis and cyclic changes in the
structures of marsupial gills of the introduced Asiatic clam, Corbicula fluminea and the Korean clam,
Corbicula leana. Journal of Shelfish Research. 2004; 23: 179–184.
28. Baba K, Tada M, Kawajiri T, Kuwahara Y. Effects of temperature and salinity on spawning of the brack-
ish water bivalve Corbicula japonica in Lake Abashiri, Hokkaido, Japan. Marine Ecology Progress
Series. 1999; 180: 213–221.
29. Rybalkina SM (Dzyuba), Maiorova MA, Anisimov AP, Kravchenko DN. The Gametogenesis and Sexual
Cycle of the Bivalve Corbicula japonica Prime (1864) in the Mouth of the Kievka River (Sea of Japan).
Russian Journal of Marine Biology. 2013; 39: 253–264.
30. Houki S, Yamada M, Honda T, Komaru A. Origin and Possible Role of Males in Hermaphroditic Andro-
genetic Corbicula Clams. Zoological Science. 2011; 28: 526–531. https://doi.org/10.2108/zsj.28.526
PMID: 21728801
31. Mulisch M, Welsch U (eds.) 2010. Romeis Mikroskopische Technik. Spektrum Akademischer Verlag.
551pp.
Corbicula fluminea gonadal cycle
PLOS ONE | https://doi.org/10.1371/journal.pone.0186850 October 24, 2017 14 / 16
32. McMahon RF. Evolutionary and physiological adaptations of aquatic invasive animals: r selection ver-
sus resistance. Canadian Journal of Fisheries and Aquatic Sciences. 2002; 59: 1235–1244.
33. Modesto V, Franco J, Sousa R, Patricio J, Marques J, Neto J. Spatial and temporal dynamics of Corbic-
ula fluminea (Muller, 1774) in relation to environmental variables in the Mondego estuary (Portugal).
Journal of Molluscan Studies. 2013; 79: 302–309.
34. Morton B. Corbicula in Asia—an updated synthesis. American Malacological Bulletin. 1986; 2: 113–
124.
35. Sousa R, Antunes C, Guilhermino L. Ecology of the invasive Asian clam Corbicula fluminea (Mu¨ller,
1774) in aquatic ecosystems: an overview. Annales de Limnologie–International Journal of Limnology.
2008; 44: 85–9.34.
36. Ilarri MI, Antunes C, Guilhermino L, Sousa R. Massive mortality of the Asian clam Corbicula fluminea in
a highly invaded area. Biological Invasions. 2011; 13: 277–280.
37. McMahon RF. Tolerance of Aerial Exposure in The Asiatic Freshwater Clam, Corbicula fluminea
(Mu¨ller). In: Britton JC, editor. Proceedings, First International Corbicula Symposium. Texas Christian
University, Fort Worth, Texas; 1979. pp. 227–241.
38. Paschoal LRP, Andrade DP, Darrigran G. How the fluctuations of water levels affect populations of inva-
sive bivalve Corbicula fluminea (Mu¨ller, 1774) in a Neotropical reservoir? Brazilian Journal of Biology.
2015; 75 (1): 135–143.
39. Pechenik J. Biology of the invertebrates. Mc Graw Hill, NY; 2010.
40. Morton B. The population dynamics of Corbicula fluminea (Bivalvia: Corbiculacea) in Plover Cove Res-
ervoir, Hong Kong. Journal of Zoology. 1977; 181: 21–42.
41. Aldridge DW, McMahon RF. Growth, fecundity, and bioenergetics in a natural population of the Asiatic
freshwater clam, Corbicula manilensis Philippi, from North Central Texas. Journal of Molluscan Studies.
1978; 44: 49–70.
42. Darrigran G, Maroñas M. Crecimiento de las poblaciones naturales de Corbicula fuminea (Mu¨ller, 1774)
y C. largillierti (Philippi, 1814) (Bivalvia, Sphaeriacea) en el litoral de Punta Blanca, estuario del Rı´o de
la Plata, Repu´blica Argentina. Comunicaciones de la Sociedad Malacolo´gica del Uruguay. 1989; 7:
139–157.
43. Hornbach DJ. Life History Traits of a Riverine Population of the Asian Clam Corbicula fluminea. Ameri-
can Midland Naturalist. 1992; 127: 248–257.
44. Cataldo D, Boltovskoy D. Population dynamics of Corbicula fluminea (Bivalvia) in the Parana´ River
Delta (Argentina). Hydrobiologia. 1999; 380: 153–163.
45. Komarui A, Konishi K, Nakayama I, Kobayashi T, Sakai H, Kawamura K. Hermaphroditic Freshwater
Clams in the Genus Corbicula Produce Non-Reductional Spermatozoa With Somatic DNA Content.
Biological Bulletin. 1997; 193: 320–323. https://doi.org/10.2307/1542934 PMID: 28574770
46. Darrigran G, Damborenea C, Greco N. Freshwater invasive bivalves in man-made environments: A
case study of larvae biology of Limnoperna fortunei in a Hydroelectric Power Plant in South America.
AMBIO. 2007; 36: 575–579. PMID: 18074895
47. Ituarte CF. Corbicula and Neocorbicula (Bivalvia: Corbiculidae) in the Parana´, Uruguay, and Rı´o de la
Plata basins. Nautilus. 1994; 107: 129–135.
48. Dei Tos C, Quagio-Grassiotto I, Mazzoni TS. Cellular development of the germinal epithelium during
the gametogenic cycle of the golden mussel Limnoperna fortunei (Bivalvia: Mytilidae). Revista de Biolo-
gı´a Tropical. 2016; 64: 521–536.
49. Boltovskoy D., 2015. Limnoperna fortunei, Invading Nature. Springer International Publishing Switzer-
land. Springer Series in Invasion Ecology 10.
50. Global Invasive Species Database; 2016 [cited 14 November 2016]. Species profile: Corbicula flumi-
nea, 2016 [Internet]. Available from: http://www.iucngisd.org/gisd/species.php?sc=537.
51. Kraemer LR, Lott S. Microscopic anatomy of the visceral mass of Corbicula (Bivalvia: Sphaeriacea).
American Malacological Bulletin. 1977: 48–56.
52. Kraemer LR. Corbicula fluminea (Bivalvia: Sphaeriacea): the functional morphology of its hermaphrodit-
ism. American Malacological Bulletin. 1978: 40–49.
53. Eng LL. Population dynamics of the Asiatic clam, Corbicula fluminea (Mu¨ller) in the concrete lined
Delta-Mendota canal of central California. In: Britton JC, editor. Proceedings, First International Corbic-
ula Symposium. Texas Christian University, Fort Worth, Texas; 1979. pp. 39–68.
54. Berry AJ. Freshwater bivalves of Peninsular Malaysia with special reference to sex and breeding.
Malayan Nature Journal. 1974; 27: 99–110.
55. Massoli EV Jr, Callil CT. Influência da variac¸ão fluviome´trica na densidade, estrutura eta´ria e atividade
gametogênica Corbicula fluminea (Bivalvia: Veneroida) em trecho do rio Cuiaba´, Santo Antonio do
Corbicula fluminea gonadal cycle
PLOS ONE | https://doi.org/10.1371/journal.pone.0186850 October 24, 2017 15 / 16
Leverger, MT. In: Latini AO, Resende DC, Pombo VB, Coradin L (Org). Espe´cies exo´ticas invasoras de
a´guas continentais no Brasil. Brası´lia: MMA, Se´rie Biodiversidade. 2016; 39: 202–217.
56. Sickel JB. Population dynamics of Corbicula in the Altamaha River, Georgia. In: Britton JC, editor. Pro-
ceedings of the First International Corbicula Simposium. Texas Christian University, Fort Worth, Texas;
1979. pp. 13–15.
57. Dreier H, Tranquilli JA. Reproduction, growth, distribution, and abundance of Corbicula in an Illinois
cooling lake. Illinois Natural History Survey Bulletin. 1981; 32: 378–393.
58. Britton JC, Morton B. Polymorphism in Corbicula fluminea (Bivalvia: Corbiculoidea) from North America.
Malacological Review. 1986; 19: 1–43.
59. McMahon RF, Williams CJ. Growth, life cycle, upper thermal limit and downstream colonization rates in
a natural population of the freshwater bivalve mollusc, Corbicula fluminea. In: Prezant RS, editor. Pro-
ceedings of the Second International Corbicula Symposium. American Malacological Bulletin, special
edition. 1986; 2: 231–239.
60. Williams CJ, McMahon RF. Power station entrainment of Corbicula fluminea (Mu¨ller) in relation to popu-
lation dynamics, reproductive cycle and biotic and abiotic variables. American Malacological Bulletin,
special edition. 1986; 2: 99–111.
61. Bickel D. Ecology of Corbicula manilensis Philippi in the Ohio River at Louisville, Kentucky. Sterkiana.
1966; 23: 19–24.
62. Ituarte CF. Growth dynamics in a natural population of Corbicula fluminea (Bivalvia Sphaeriacea) at
Punta Atalaya, Rı´o de la Plata, Argentina. Studies Neotropical Fauna and Environment. 1985; 20: 217–
225.
63. Denton ME, Chandra S, Wittmann ME, Reuter J, Baguley JG. Reproduction and Population Structure
of Corbicula fluminea in an Oligotrophic Subalpine Lake. Journal of Shellfish Research. 2012; 31: 145–
152.
64. Doherty FG, Cherry DS, Cairns J Jr. Spawning Periodicity of the Asiatic Clam Corbicula fluminea in the
New River, Virginia. American Midland Naturalist. 1987; 117: 71–82.
65. Rajagopal S, van der Velde G, de Vaate AB. Reproductive biology of the Asiatic clams Corbicula flumi-
nalis and Corbicula fluminea in the river Rhine. Archives Hydrobiologia. 2000; 149: 403–42.
66. Mouthon J, Parghentanian T. Comparison of the life cycle and population dynamics of two Corbicula
species, C. fluminea and C. fluminalis (Bivalvia: Corbiculidae) in two French Canals. Archives Hydrobio-
logia. 2004; 161: 267–287.
67. Baudrimont M, Lemaire-Gony S, Ribeyre F, Me´tivaud J, Boudou A. Seasonal Variations of Metallothio-
nein Concentrations in the Asiatic Clam (Corbicula fluminea). Compendium of Biochemical Physiology.
1997; 118C: 361–367.
68. Martins DS, Veitenheimer-Mendes IL, Faccioni-Heuser MC. Morphological aspects and incubation in
three species of Corbicula Mu¨hlfeld, in Guaı´ba Lake, Rio Grande do Sul, Brazil (Bivalvia, Corbiculidae).
Biota Neotropica. 2006; 6. http://dx.doi.org/10.1590/S1676-06032006000200016.
69. Korniushin AV, Glaubrecht M. Novel reproductive modes in freshwater clams: brooding and larval mor-
phology in Southeast Asian taxa of Corbicula (Mollusca, Bivalvia, Corbiculidae). Acta Zoologica. 2003;
315: 293–315.
Corbicula fluminea gonadal cycle
PLOS ONE | https://doi.org/10.1371/journal.pone.0186850 October 24, 2017 16 / 16
